Abstract Chaperonin CCT containing t-complex polypeptide 1 is a cytosolic molecular chaperone that assists in the folding of actin, tubulin, and other proteins and is a member of the 60-kDa heat shock protein (Hsp60) family. We examined antibody titers against human CCT and other Hsp60 family members in the sera of patients with rheumatic autoimmune diseases, including rheumatoid arthritis, systemic lupus erythematodes, Sjö gren syndrome, and mixed connective tissue disease. Autoantibody titers against not only human mitochondrial Hsp60 but also CCT were significantly higher in the sera of patients with rheumatic autoimmune diseases than in healthy control sera. Although immunoglobulin G (IgG) titers against Escherichia coli GroEL were high in all the groups of sera tested, no significant differences in anti-GroEL responses were detected between patients and healthy controls. IgG titers against mycobacterial Hsp65 showed a similar pattern to titers of autoantibodies recognizing GroEL. Immunoabsorption experiments demonstrated that most of the autoantibodies recognizing CCT were cross-reactive with mitochondrial Hsp60, E coli GroEL, and mycobacterial Hsp65. Although most of the anti-Hsp60 IgG recognized CCT, anti-GroEL (or antimycobacterial Hsp65) IgG contained antibodies specific for GroEL (or mycobacterial Hsp65) in addition to antibodies crossreactive with CCT and Hsp60. Results from immunoblot analyses, together with weak (15% to 20%) amino acid sequence identities between CCT and the other Hsp60 family members, suggested that CCT-reactive autoantibodies recognize conformational epitopes that are conserved among CCT and other Hsp60 family members.
INTRODUCTION
Heat shock proteins (Hsps) play essential roles as molecular chaperones and are conserved across a wide evolutionary range from prokaryotes to eukaryotes. Members of the Hsp60 protein family are made up of subunits that have an approximate molecular mass of 60 kDa and assist in the folding of newly synthesized and denatured proteins (Ellis and van der Vies 1991; Hartl et al 1992) . The Hsp60 family (also called the chaperonin family) can be divided into 2 groups (Kubota et al 1995a) . Hsp60 of mitochondria, Hsp65 of mycobacteria (the homologue of Escherichia coli is GroEL), and ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) subunit binding protein of plastid fall into group 1, whereas cytosolic chaperonin containing t-complex polypeptide 1 (CCT, also called TRiC or c-cpn) of eukaryotes and chaperonins of archea are classified into group 2. CCT is a hetero-oligomeric molecular chaperone that assists in folding of cytosolic proteins (Kubota et al 1995a; Lewis et al 1996) and is known to facilitate the folding of actin, tubulin, and certain other cytosolic proteins in the presence of adenosine triphosphate (ATP) (Tian et al 1995; Frydman and Hartl 1996; Farr et al 1997) . Eight subunit species, ␣, ␤, ␥, ␦, ⑀, -1 (plus -2 in testis), , and , constitute the mammalian CCT complex and show approximately 30% amino acid sequence identity to each other (Kubota et al 1994 (Kubota et al , 1995b . These subunits are assembled into a hexadecameric complex (Llorca et al 1999) similar to the GroEL tetradecameric complex.
The relation between mycobacterial Hsp65 and rheumatic diseases has been the subject of much discussion, and the T-cell response to Hsp65 is thought to be involved in the generation of rheumatic diseases (Holoshitz et al 1986; Zü gel and Kaufmann 1999) . In terms of B-cell response, patients with rheumatoid arthritis (RA) showed higher levels of immunoglobulin G (IgG) and IgA against Hsp65 than healthy controls in a number of studies (Tsoulfa et al 1989a (Tsoulfa et al , 1989b McLean et al 1990; Jarjour 1991a, 1991b) . In addition, high antibody titers against E coli GroEL relative to those against mycobacterial Hsp65 have been reported in the sera of patients with RA (Hirata et al 1997) and healthy adults (Handley et al 1996) . Autoantibodies against mitochondrial Hsp60 are thought to be raised as a result of molecular mimicry by mycobacterial Hsp65 (or E coli GroEL), because there is a high amino acid sequence identity (approximately 50% to 60%) (Gupta 1990 (Gupta , 1996 . Although the T-cell epitopes of Hsp family proteins have been analyzed in detail (van Eden et al 1988; , the epitopes recognized by antimitochondrial Hsp60 autoantibodies remain obscure.
Herein, we report that serum titers of CCT-reactive antibodies are significantly higher in patients with rheumatic autoimmune diseases than in healthy controls. The anti-CCT autoantibodies cross-reacted with mitochondrial Hsp60, E coli GroEL, and mycobacterial Hsp65 despite weak (15% to 20%) amino acid sequence identity between CCT and these group 1 chaperonins. The antibodies appeared to recognize conformational epitope(s) shared by these antigens. We discuss the characteristics of the anti-CCT autoantibodies and their role in rheumatic autoimmune diseases.
MATERIALS AND METHODS

Sera
Sera were donated from 25 patients with RA (22 women and 3 men; mean Ϯ SD age, 55.6 Ϯ 12.1 years; mean Ϯ SD years affected, 6.7 Ϯ 5.0), 25 patients with systemic lupus erythematodes (SLE; 23 women and 2 men; mean Ϯ SD age, 39.0 Ϯ 12.5 years; mean Ϯ SD years affected, 12.6 Ϯ 7.5), 9 patients with Sjö gren syndrome (SS; all women; mean Ϯ SD age, 49.0 Ϯ 14.2 years; mean Ϯ SD years affected, 4.6 Ϯ 6.0), 15 patients with mixed connective tissue disease (MCTD; 12 women and 3 men; mean Ϯ SD age, 44.1 Ϯ 11.9 years; mean Ϯ SD years affected, 9.2 Ϯ 7.4 years), and 25 asymptomatic healthy donors with age and sex comparable with the patient groups. Diagnosis of RA (Arnett et al 1988) , SLE (Tan et al 1982) , SS (Vitali et al 1993) , and MCTD (Kasukawa et al 1987) was based on published criteria.
Antigens
CCT was purified from the human B-cell leukemia cell line BALL-1 (Miyoshi et al 1977) by a combination of methods described previously (Frydman et al 1992; Gao et al 1992; Norcum 1996) . BALL-1 cell extract was prepared by freeze thawing, applied to a Q-Sepharose FF (Amersham Pharmacia Biotech, Uppsala, Sweden) column equilibrated in buffer A (0.1 M sodium chloride, 2 mM ethylenediamine-tetraacetic acid, 5 mM 2-mercaptoethanol, 1% glycerol, 50 mM N-2-hydroxyethylpiperazine-NЈ-2-ethane-sulfonic acid-potassium hydroxide [pH 7.6]), and then eluted with a linear gradient of 0.1 M to 0.5 M sodium chloride. CCT peak fractions were identified by Western blotting (Lewis et al 1992) , pooled, applied to a heparin-Sepharose CL-6B (Amersham Pharmacia) column in buffer A, and then eluted with a linear gradient of 0.1 M to 0.5 M sodium chloride. CCT fractions were pooled and applied to a Sephacryl S-400 (Amersham Pharmacia) column in 10 mM Tris-hydrochloride (pH7.6) containing 0.15 M sodium chloride. Approximately 10 mg of CCT was purified from 20 g of total soluble protein in cell lysate.
Purified preparations of human mitochondrial Hsp60, E coli GroEL, Mycobacterium bovis BCG Hsp65, and human Hsp70 were purchased from StressGen (Victoria, British Columbia, Canada).
Enzyme-linked immunosorbent assay
Antigen was diluted in 50 mM sodium carbonate buffer (pH 9.6) to a final concentration of 1 g/mL and dispensed to 96-well multiplates (50 L per well). After incubation at 4ЊC overnight, the wells were blocked with 2% human serum albumin (HSA) at 37ЊC for 2 hours. Human sera were diluted 1000-fold in phosphate-buffered saline (PBS) containing 0.05% Tween 20 (PBST) and 2% HSA, applied to the antigen-coated plate, and then incubated at 37ЊC for 90 minutes. After washing in PBST, 30 000-fold diluted horseradish peroxidase-conjugated goat anti-human IgG (gamma-specific) antibody (BioSource International, Carmellio, CA, USA) was added, and the plates were incubated at 37ЊC for 90 minutes. After washing with PBST, specific binding was detected using 3,3Ј,5,5Ј-tetramethylbenzidine solution (KPL Laboratories Inc, Gaithersburg, MD, USA) as a substrate. After the reaction was terminated by addition of 1 M phospho- of purified CCT by native PAGE and SDS-PAGE. Native PAGE and SDS-PAGE were carried out on 3-10% polyacrylamide linear gradient gels and on 8% polyacrylamide gels, respectively. By SDS-PAGE, CCT migrates as several bands of about 60 kDa, representing the 8 different subunits. Molecular weight markers were thyroglobulin (669 kDa), ferritin (440 kDa), catalase (232 kDa), and lactate dehydrogenase (140 kDa) for native PAGE and phosphorylase b (94 kDa), albumin (67 kDa), ovalbumin (43 kDa), and carbonic anhydrase b (30 kDa) for SDS-PAGE. ric acid, absorbance at 450 nm was measured and used as antibody titer.
Preabsorption of sera
Solutions of Hsp60 family proteins or HSA (as a control) in PBS (5 g of protein in 20 L) were mixed with the same volume of diluted human serum (10% in PBST). After incubation at 37ЊC for 1 hour, the mixture was diluted 100-fold in PBST containing 2% HSA and analyzed for residual reactivity to specific antigens by enzymelinked immunosorbent assay (ELISA) as above.
Immunoblot analysis
Purified antigens (0.2 g per lane) were subjected to native (nondenaturing) polyacrylamide gel electrophoresis (PAGE) (Ornstein 1964 ) on 3% to 10% linear gradient polyacrylamide gels or to sodium dodecyl sulfate (SDS)-PAGE on 10% to 20% linear gradient polyacrylamide gels. Immunoblotting was carried out as described previously . Briefly, after electrophoresis, proteins were transferred to polyvinylidene difluoride filters, and the filters were blocked with 5% skim milk in PBS. After incubation of the filter with human sera (diluted 100-fold with PBST containing 5% skim milk), immunoreactive bands were visualized using alkaline phosphatase-labeled goat anti-human IgG (gamma chain-specific) antibody (BioSource International) and tetrazolium 5-bromo-4-chloro-3-indolylphosphate/Nitro Blue tetrazolium solution as second antibody and substrate, respectively.
Statistical analysis
Antibody titers between 2 groups were compared using an unpaired Student's t-test. Correlation of the levels of antibodies against 2 antigens was calculated by Spearman's rank correlation test.
RESULTS
Purification of CCT protein
Human CCT purified from BALL-1 cells migrated as a single band of approximately 900 kDa on native PAGE and as a cluster of several bands of 59 kDa to 65 kDa on SDS-PAGE (Fig 1) . This is consistent with the electrophoretic patterns described previously (Frydman et al 1992; Gao et al 1992; Lewis et al 1992; Kubota et al 1994) and reflects the fact that CCT is a hexadecameric complex of 8 subunit species of approximately 60 kDa. No other bands were observed by Coomassie brilliant blue staining, and no contamination with mitochondrial Hsp60 was detected by Western blotting analysis using an Hsp60-specific monoclonal antibody (data not shown). Contamination with Hsp60 was estimated to be less than 0.1% from the detection limit of the experiment.
IgG titers against CCT and mitochondrial Hsp60 were significantly higher in the sera of patients with autoimmune disease than in those of healthy individuals
To study the role of antibodies against Hsp60 family proteins in autoimmune diseases, we examined sera of patients with rheumatic disease for antibodies against human cytosolic chaperonin CCT, human mitochondrial Hsp60, E coli GroEL, and mycobacterial Hsp65. Sera from rheumatic patients (RA, SLE, SS, and MCTD) and healthy controls were diluted 1000-fold and analyzed by ELISA. The relation between antibody titer and ELISA reading (A 450 ) was shown to be linear under the condition of these experiments. IgG titers against CCT were significantly higher in the sera of patients with RA, SLE, SS, and MCTD than in sera from healthy controls (Fig 2 and Table  1 ). Similarly, IgG titers against mitochondrial Hsp60 were significantly higher in the sera of patients with RA, SLE, and MCTD than in healthy control sera. Although IgG titers against GroEL were high in both patient and healthy control sera, no significant differences were observed among the patient groups or between patients and healthy controls. Only in patients with MCTD were IgG titers against M bovis Hsp60 significantly higher than in healthy controls. When sera were used at 250-fold dilution, similar results were obtained, except that absorbance in ELISA for sera with high antibody titer to GroEL were saturated (absorbance values were more than 2.0). These results indicate that the sera of patients with rheumatic disease contain high titers of autoantibodies reactive with CCT and/or mitochondrial Hsp60.
Antibody titers against CCT and mitochondrial Hsp60 correlated strongly in human sera
To identify possible correlations among IgG titers against the 4 Hsp60 family antigens, the data shown in Figure 2 were analyzed using scatter diagrams, without distinction between patients and healthy individuals (Fig 3) . IgG titers against CCT correlated strongly with titers against mitochondrial Hsp60 (r 2 ϭ 0.726). IgG titers against Mycobacterium bovis Hsp65 showed modest correlation with anti-CCT (r 2 ϭ 0.33) and antimitochondrial Hsp60 (r 2 ϭ 0.31) titers, whereas IgG titers against E coli GroEL showed little or no correlation with titers against the other antigens. These results suggest that the observed antibodies reactive with CCT and mitochondrial Hsp60 may be raised by a similar mechanism. In all groups of sera examined, antibody titers to any antigens showed no significant correlation with period affected by diseases, history of treatment, or age of donors.
Most of the IgG recognizing Hsp60 but only a portion of the IgG recognizing GroEL (or Hsp65) was crossreactive with CCT
To examine cross-reactivity among antibodies against the Hsp60 family antigens, 22 serum samples with high antibody titers were preabsorbed with each antigen (or IgG, immunoglobulin G; RA, rheumatoid arthritis; SLE, systemic lupus erythematodes; SS, Sjö gren syndrome; MCTD, mixed connective tissue disease; NS, nonsignificant. Sample numbers are as follows: healthy control, RA, and SLE, n ϭ 25; SS, n ϭ 9; MCTD, n ϭ 15.
HSA as a control) before ELISA analysis. Representative results are shown in Figure 4 . Levels of IgG against CCT and mitochondrial Hsp60 were almost completely depleted by each other and were effectively reduced by preabsorption with E coli GroEL or M bovis Hsp65 (except for anti-Hsp60 in RA sample no. 27). In contrast, antiGroEL antibodies were barely depleted (normal sample no. 72, SLE sample no. 6, and MCTD sample no. 94) or only partially depleted (normal sample no. 52, RA sample no. 27, SS sample no. 80, and MCTD sample no. 88) by preabsorption with the other Hsp60 family proteins, except in RA sample no. 27. Anti-Hsp65 antibodies were almost completely (RA sample no. 27 and SS sample no. 80) or partially (normal sample no. 72, RA sample no. 41, and MCTD sample no. 88) absorbed by CCT or mitochondrial Hsp60. None of the antibodies against Hsp60 family proteins were depleted by preabsorption with the human molecular chaperone Hsp70 (data not shown). These results indicate that the antibodies reacting with CCT and Hsp60 recognize epitope(s) that are common to the 2 antigens and also present in the bacterial proteins GroEL and Hsp65. In contrast, antibodies recognizing GroEL or Hsp65 appear to recognize epitopes specific to GroEL and/or Hsp65 in addition to those shared with CCT and Hsp60.
Autoantibodies reactive with CCT and Hsp60 recognize epitopes sensitive to SDS treatment
Immunoblot analysis was used to confirm the reactivities of the autoantibodies and to further characterize epitope recognition involved. The antigens were resolved by either native PAGE or SDS-PAGE and blotted onto membranes. Sera of selected patients and healthy individuals, including the sera used in the immunoabsorption experiments shown in Figure 4 , were analyzed with these membranes (Fig 5) . Immunoblotting after native PAGE showed specific recognition of CCT, mitochondrial Hsp60, and E coli GroEL, with immunoreactive bands at approximately 600 kDa to 900 kDa, except for normal serum samples no. 63 and 67 (which were negative for antibodies to all Hsp60 family antigens by ELISA) and SLE sample no. 22 (CCT only). Although no immunoreactivity with CCT or mitochondrial Hsp60 was detected by immunoblotting after SDS-PAGE using the same sera that were used for native PAGE (data not shown), antibody recognition of E coli GroEL was detected by blotting after SDS-PAGE. These results indicate that some of the epitopes on GroEL are recognized by antibodies in a sequence-specific manner, whereas the epitopes on CCT and mitochondrial Hsp60 that are recognized by the sera of patients with rheumatic disease are sensitive to SDS treatment. Correlation between antibody titers against human CCT, mitochondrial Hsp60, E coli GroEL, and M bovis Hsp65 in human sera. Each diagram shows all of the sera presented in Figure 2 and Table 1 (without distinction among 
DISCUSSION
Our results indicate that IgG autoantibody titers against CCT and mitochondrial Hsp60 are significantly higher in the sera of patients with rheumatic autoimmune disease than in healthy control sera (Fig 2 and Table 1 ). Most of the autoantibodies against CCT also recognized mitochondrial Hsp60 (Fig 4) . Consistent with recent reports (Handley et al 1996; Hirata et al 1997) , IgG titers against GroEL were much higher than those against Hsp65 (except for anti-Hsp65 in MCTD sera), Hsp60, or CCT. However, no significant differences in anti-GroEL titers were observed between patients and healthy controls (Fig 2  and Table 1 ). Anti-Hsp65 antibodies (except in MCTD sera) gave results similar to anti-GroEL antibodies.
The epitopes recognized by these autoantibodies have yet to be determined, although the T-cell epitope of mycobacterial Hsp65 has been well characterized (van Eden et al 1988; . To our knowledge, there have been no reports of B-cell epitopes on CCT, mitochondrial Hsp60, or E coli GroEL in autoimmune diseases, although B-cell epitopes on mycobacterial Hsp65 (amino acid no. 97-109, 179-187, and 504-512) were defined in case of atherosclerosis (Metzler et al 1997) . It has been suggested that B-cell epitopes on mycobacterial Hsp65 may be conformational and composed of discontinuous regions of the molecule (Karopoulos et al 1995) . In the present study, serum preabsorption experiments (Fig 4) indicated that a portion of the IgG reactive to E coli GroEL was cross-reactive with CCT and mitochondrial Hsp60, whereas the remainder was specific for GroEL. Similarly, a fraction of the IgG against GroEL cross-reacted with M bovis Hsp65. Most of the GroELspecific antibodies seemed to recognize sequence-specific epitopes, since they recognized the antigen even after Cross-reactivity among antibodies against human CCT, mitochondrial Hsp60, E coli GroEL, and M bovis Hsp65. Diluted human sera were preabsorbed with the indicated antigens before ELISA analysis. The sera used in this assay were those that showed high antibody titers in the analysis shown in Figure 2 . HSA was used as a control. (Fig 5) . In contrast, the fraction cross-reactive with CCT appeared to recognize SDS-sensitive epitope(s) of chaperonin proteins, because this recognition was observed after native PAGE but not after SDS-PAGE. Since the autoantibodies recognizing CCT were cross-reactive not only with Hsp60 but also with GroEL and Hsp65, the epitope(s) recognized by these antibodies are probably located on conserved amino acid sequences or 3-dimensional structures. The highly conserved sequences among the Hsp60 family proteins are very short and restricted to the adenosine triphosphatase (ATPase) domains (Kubota et al 1995a), which are unlikely to be exposed to the outside of the molecules (Braig et al 1994; Kim et al 1994) and thus may not be accessible to antibodies. It, therefore, appears that the CCT-reactive autoantibodies may recognize conformational epitopes conserved among the chaperonin family proteins.
SDS-PAGE
IgG titers against E coli (gram-negative) GroEL were generally higher than titers against M bovis (gram-positive) Hsp65 in the present study. Infection with bacteria, especially gram-negative bacteria, may cause an immune response to Hsp60 family proteins and result in the production of antibodies against epitopes structurally related to CCT. However, production of autoantibodies cross-reactive with CCT or mitochondrial Hsp60 may be suppressed in healthy individuals by immunological tolerance. In patients with autoimmune diseases, such tolerance might be impaired or lost.
The pathogenic significance of such autoantibodies in the sera of patients with rheumatic disease with connective tissue disorders is often discussed, although the roles of anti-Hsp autoantibodies in rheumatic diseases have yet to be established (Tsoulfa et al 1989a; Zü gel and Kaufmann 1999) . Among the Hsp60 family proteins, only mitochondrial Hsp60 has been considered as an autoantigen to date (Winfield and Jarjour 1991b; Karopoulos et al 1995) . Cell-surface Hsp60 expression has been suggested at the site of a rheumatoid inflammatory condition Immunoblot analysis of human CCT, mitochondrial Hsp60, and E coli GroEL using human sera. CCT, Hsp60, or GroEL were resolved on native PAGE or SDS-PAGE gels, blotted onto membranes, and incubated with human sera (diluted 100-fold) followed by alkaline phosphatase-conjugated anti-human IgG. Healthy control serum samples no. 52 and 72 were positive (ϩ) for antibodies against all the Hsp60 family proteins by ELISA, whereas no. 63 and 67 were negative (Ϫ). The patients' sera selected for this assay showed high antibody titers against all the antigen tested by ELISA. Arrowheads indicate the position of each antigen. Mobility of molecular weight markers are indicated at the left.
known as pannus (Boog et al 1992) and on ␥␦ T-cells (Jarjour et al 1990) and heat-stressed endothelial cells (Schett et al 1995) . In addition, it was recently reported that human Hsp60 and anti-Hsp60 antibodies are detectable even in sera of healthy individuals (Pockley et al 1999) .
The present study indicates that significantly higher titers of autoantibodies cross-reactive with both CCT and Hsp60 are present in the sera of patients with rheumatic autoimmune disease than in healthy individuals. We now propose that CCT, which is located mainly in the cytosol (Frydman et al 1992; Lewis et al 1992) , is another Hsp60 family protein that acts as a target for such autoantibodies. CCT is one of the essential cytosolic proteins expressed in all cell types and abundantly expressed in proliferating cells Yokota et al 1999) . However, cell-surface expression of CCT has not been reported. Destruction of joints or other tissues during the progression of rheumatic diseases may cause leakage of cytosolic proteins, including CCT, into the blood stream. Autoantibodies against CCT (and also against Hsp60) could form immune complexes with these antigens and result in abnormal complement activation. Such immune complexes may increase the severity of rheumatic disease states in a manner similar to the possible contribution to lupus nephritis of SLE made by autoantibodies to DNA and nuclear antigens (Reichlin 1995; Stephanou et al 1998) . Since there appeared to be generally greater differences between patient and control sera in CCT-reactive antibodies than in anti-Hsp60 antibodies, CCT may prove to be a useful diagnostic antigen with which to detect the autoantibodies prevalent in patients with rheumatic disease.
